Toll-like receptors (TLRs) are key components of the immune system that detect microbial infection and trigger antimicrobial host defense responses. TLR5 is a sensor for monomeric flagellin, which is a component of bacterial flagella known to be a virulence factor. In this study we generated TLR5-deficient mice and investigated the role of TLR5 signaling in the detection of flagellin and antibacterial immune responses to Salmonella typhimurium and Pseudomonas aeruginosa. We found that TLR5 is essential for the recognition of bacterial flagellin both in vivo and ex vivo. TLR5 contribution to antibacterial host response to i.p. infection with S. typhimurium or intranasal administration of P. aeruginosa may be masked by TLR4 or other sensing mechanisms. By using radiation bone marrow chimera, we showed that upon i.p. injection of flagellin immune responses are mediated by lymphoid cells, whereas resident cells are required for the initiation of response upon intranasal flagellin administration. These results suggest that flagellin recognition in different organs is mediated by distinct TLR5-expressing cells and provide insights into the cooperation of the TLR5 and TLR4 signaling pathways used by the innate immune system in the recognition of bacterial pathogens.
bacterial infection ͉ flagellin R ecognition of microbial infection and initiation of immune response are controlled by multiple mechanisms. Toll-like receptors (TLRs) have recently emerged as key components of the innate immune system that recognize common molecular structures detected in certain groups of microorganisms and trigger the activation of adaptive immunity (1) . Each TLR detects specific microbial components. For example, TLR4 recognizes LPS, TLR2 recognizes bacterial lipoproteins and lipoteichoic acid, and TLR3 recognizes viral double-stranded RNA. All TLRs share a common intracellular domain, the Toll-IL-1 receptor homology domain, and upon activation initiate signaling cascades that lead to common responses such as the induction of inflammatory cytokines and up-regulation of costimulatory molecules. Moreover, TLRs also have specific functions as exemplified by their different ability to induce type I IFN (1) . Thus, TLRs activate multiple steps in the inflammatory reactions that help to eliminate the invading pathogens and coordinate systemic defenses.
Among TLRs, TLR5 is the receptor for flagellin, the major constituent of bacterial flagella and a virulence factor for Gramnegative and Gram-positive bacteria (2, 3) . TLR5 engagement by bacterial flagellin activates the MyD88-dependent signaling pathway, which leads to the nuclear translocation of NF-B and the activation of the MAPKs, ultimately inducing the maturation of antigen-presenting cells and the secretion of proinflammatory cytokines and chemokines (4) (5) (6) (7) (8) . TLR5 is expressed by a variety of cells including monocytes, dendritic cells (DCs), epithelial cells, and mast cells (5, (9) (10) (11) (12) (13) . Interestingly, TLR5 is expressed on the basolateral side of intestinal epithelial cells, which are chronically exposed to commensal bacteria (6, 14) , but it is expressed on the apical side of lung epithelial cells, which are usually not exposed to microorganisms (15) . The importance of TLR5 signaling in mucosal immunity has been highlighted by recent studies, where diverse human disorders have been attributed to the dysfunction of TLR5. It has been shown that a common stop codon polymorphism of TLR5 is associated with susceptibility to pneumonia caused by the flagellated bacterium Legionella pneumophila (16) , whereas certain flagellated bacteria can escape from TLR5 recognition by amino acid change on flagellin and persist at the mucosal surfaces (17) (18) (19) . Moreover, TLR5-dependent recognition of flagellin may play a role in the inappropriate mucosal immune response to commensal bacteria associated with inflammatory bowel disease, such as Crohn's disease (20, 21) . Nevertheless, a number of questions related to the importance of TLR5 signaling during infection with flagellated bacteria and especially in initiating and directing the immune responses remain unanswered.
In this study we demonstrate the requirement for TLR5 in the recognition of flagellin and TLR5-TLR4 cooperation in the antibacterial immune response. We generated TLR5-deficient (TLR5 Ϫ/Ϫ ) mice and characterized their responses upon flagellin stimulation in vitro and in vivo. Also, we investigated the importance of TLR5 and TLR4͞TLR5 signaling upon systemic infection by Salmonella typhimurium or lung infection upon Pseudomonas aeruginosa administration. Finally, we addressed the role of TLR5 signaling on bone marrow (BM) and non-BM-derived cells in response to flagellin using radiation BM chimera. Our findings suggest an important role for TLR5-TLR4 cooperation in the recognition of a wide range of human flagellated Gram-negative bacteria.
Results
Generation and Characterization of TLR5 ؊/؊ Mice. To characterize the biological function of TLR5 we generated TLR5 Ϫ/Ϫ mice by homologous recombination in ES cells ( Fig. 1 a and b; see Methods). The expression of TLR5 messenger RNA in TLR5 Ϫ/Ϫ and WT macrophages was assessed by RT-PCR, and we found that TLR5 transcripts were absent in TLR5 Ϫ/Ϫ but not in WT cells (Fig. 1c) . TLR5 Ϫ/Ϫ mice had normal growth, size, fertility, and lifespan and showed no obvious behavioral abnormalities. Flow cytometric analysis of leukocytes from the spleen, lymph nodes, and thymus (stained for CD3, B220, CD4, and CD8) revealed that the com-position of lymphocytes was similar in WT and TLR5 Ϫ/Ϫ mice (data not shown).
Next we analyzed the responses of TLR5 Ϫ/Ϫ cells to flagellin. BM-derived dendritic cells (BMDCs) or macrophages from WT and TLR5 Ϫ/Ϫ mice were stimulated with 1 or 3 g͞ml flagellin. After 16 h the culture supernatants were collected, and the protein levels of IL-6, IL-12, and TNF-␣ were assessed by ELISA. Although no significant amounts of these cytokines were detectable (data not shown), the mRNA expression levels of IL-6 and IL-12 were significantly up-regulated in WT DCs stimulated with flagellin, but not in TLR5 Ϫ/Ϫ cells, whereas they showed similar responses upon LPS stimulation (Fig. 1d) . Similar results were obtained with WT and TLR5 Ϫ/Ϫ macrophages (data not shown). To demonstrate the specificity of the ligand, we examined the responses of TLR5 Ϫ/Ϫ BMDCs to various microbial molecules that are known to activate other TLR counterparts. WT and TLR5 Ϫ/Ϫ DCs stimulated with Pam 3 CSK 4 (TLR2 ligand), peptidoglycan (Nod ligand), poly I:C (TLR3 ligand), LPS (TLR4 ligand), R848 (TLR7 ligand), and unmethylated CpG DNA (TLR9) produced similar quantities of IL-6 and IL-12 (Fig. 1e) . These results reveal that the unresponsiveness of the TLR5 Ϫ/Ϫ cells is specific to the recognition of flagellin.
TLR5 Is Required for Responsiveness to Flagellin. To dissect the signaling pathways that are affected in the absence of a functional TLR5 we analyzed the activation of the signaling cascades in TLR5 Ϫ/Ϫ DCs upon stimulation with flagellin. We found that flagellin-induced degradation of I〉␣ and phosphorylation of I〉␣, ERK, p38, and JNK were completely abolished in TLR5 Ϫ/Ϫ DCs but not in WT cells (Fig. 2a) . However, their responses to LPS were identical (Fig. 2a) . Thus, flagellin-mediated signal transduction depends on TLR5.
We next tested the ability of TLR5 Ϫ/Ϫ DCs to mature in vivo in response to flagellin. WT and TLR5 Ϫ/Ϫ mice were injected i.p. with flagellin, LPS, or PBS, and 6 h later the expression levels of CD40, CD80, CD86, and MHC class II on CD11c ϩ splenic cells were analyzed. A significant increase in the expression of these activation markers was observed in WT CD11c ϩ cells upon flagellin and LPS stimulation. In contrast, TLR5
Ϫ/Ϫ cells did not show any response to flagellin despite exhibiting normal responses to LPS (Fig. 2b) . To investigate whether signaling by TLR5 is required for the in vivo inflammatory response to flagellin, mice were injected i.p. with flagellin, and the levels of IL-6 and IL-12 in their sera were assessed 2, 4, and 6 h later. WT mice showed a marked elevation of serum concentrations of IL-6 at 2 h and IL-12 at 2 and 4 h after flagellin challenge (Fig. 2c) . In contrast, TLR5
Ϫ/Ϫ mice were unresponsive to flagellin (Fig. 2c ). These results demonstrate that TLR5 is essential for the recognition of bacterial flagellin both ex vivo and in vivo.
Survival of TLR5 ؊/؊ Mice to Challenge with S. typhimurium. To elucidate the role of TLR5 in host defense, we infected TLR5 Ϫ/Ϫ mice with the Gram-negative bacterium S. typhimurium, a common human pathogen isolated from many cases of acute food-borne gastroenteritis. We used two virulent strains of S. typhimurium, a flagellated strain (SB300) and an isogenic mutant, nonflagellated derivative (SB762). TLR5 Ϫ/Ϫ and WT mice were infected i.p. with S. typhimurium and monitored twice daily for morbidity and survival, and the time of death was recorded. Both groups of mice succumbed to infection with the WT and nonflagellated S. typhimurium strain in a similar time frame (Fig. 3 a and b) . Furthermore, we infected WT and TLR5 Ϫ/Ϫ mice i.p. with flagellated S. typhimurium, and the bacterial load in spleens and livers was examined 24 h after the infection. In both organs the number of the bacterial cfu of infected TLR5 Ϫ/Ϫ mice was similar to WT controls (data not shown). Previous studies with C3H͞HeJ mice carrying a natural dominant-negative mutation in the cytoplasmic domain of TLR4 and TLR4-deficient mice have uncovered the critical role of TLR4 to host resistance to Salmonella (22, 23) . To tackle the possibility that TLR4 signaling compensates for the loss of functional TLR5 in TLR5 Ϫ/Ϫ mice during S. typhimurium infection we performed the above infection studies using double TLR4͞TLR5-deficient (TLR4͞5 Ϫ/Ϫ ) mice. As expected, TLR4 Ϫ/Ϫ mice showed an increased susceptibility to S. typhimurium infection compared with WT or TLR5 Ϫ/Ϫ mice (Fig. 3c) . Interestingly, we also observed that double TLR4͞5 Ϫ/Ϫ mice were somewhat more susceptible than either single TLR4 Ϫ/Ϫ or TLR5 Ϫ/Ϫ mice (Fig. 3c) . Next, we expanded our studies using the nonflagellated S. typhimurium, and with this strain we observed no difference in survival between double TLR4͞5 Ϫ/Ϫ and TLR4 Ϫ/Ϫ mice (Fig. 3d) . These findings suggest that the potential antibacterial effect of TLR5 in this infection model is compensated for by the presence of a functional TLR4 or other flagellin-sensing mechanisms.
Role of TLR5 in Inflammatory Lung Response Against Flagellin. Recombinant flagellin stimulates a transient innate immune response in the lung of several strains of mice characterized by the infiltration of neutrophils and rapid production of cytokines and chemokines (24, 25) . To determine the role of TLR5 in innate immunity in the lung we challenged WT and TLR5 Ϫ/Ϫ mice intranasally (i.n.) with flagellin. Ten and 24 h later the animals were killed, and the bronchoalveolar lavage fluids (BALFs) were collected and analyzed. The total cell count was significantly elevated in WT BALFs at both 10 and 24 h after challenge, whereas no cell infiltration was observed in TLR5 Ϫ/Ϫ BALFs (Fig. 4a) . The total neutrophil counts performed in the same BALFs showed a significant neutrophil accumulation in the lungs of flagellin-treated control mice at both 10 and 24 h after treatment (Fig. 4b) . In contrast, neutrophils were absent in TLR5 Ϫ/Ϫ BALFs (Fig. 4b) . These results were confirmed by measuring myeloperoxidase (MPO) activity in cell pellets from WT and TLR5 Ϫ/Ϫ BALFs (Fig. 4c) . Next we examined the expression levels of several cytokines and chemokines that are important for neutrophil migration in vivo. We observed significant increases in TNF-␣, IL-6, IL-1␣, IL-10, and IFN-␥ cytokines and macrophage inflammatory protein (MIP) 1␣, MIP-2, and keratinocyte chemoattractant (KC) chemokines at the mRNA level in WT lungs, at both 10 and 24 h upon flagellin instillation, whereas TLR5 Ϫ/Ϫ lungs showed no or very slight expression of the same molecules (Fig. 4d) . Moreover, flagellin administration induced a marked increase of IL-6 and KC at the protein level in the WT BALFs, whereas there was a very little production in TLR5 Ϫ/Ϫ BALFs (Fig. 4e) . These results suggest that the flagellin-induced pulmonary inflammatory response is TLR5-dependent.
Survival of TLR5 ؊/؊ Mice upon P. aeruginosa Lung Infection. Previous studies have shown that the resistance of mice to P. aeruginosa acute lung infection is MyD88-dependent and does not seem to require TLR2 or TLR4, because mice lacking both TLR2 and TLR4 did not show increased susceptibility (26) . To explore the role of TLR5 in host defense against P. aeruginosa lung inflammation, WT, TLR5 Ϫ/Ϫ , and double TLR4͞5 Ϫ/Ϫ mice were inoculated i.n. with 1 ϫ 10 6 cfu of P. aeruginosa strain PAK and monitored twice daily for morbidity and survival, and the time of death was recorded. Both WT and TLR5 Ϫ/Ϫ mice showed similar rates of survival, whereas TLR4͞5
Ϫ/Ϫ mice showed higher susceptibility (Fig. 5 Left). Next we infected i.n. WT, TLR4
Ϫ/Ϫ , TLR5 Ϫ/Ϫ , and double TLR4͞ 5 Ϫ/Ϫ mice with a higher dose of P. aeruginosa (5 ϫ 10 6 cfu).
Interestingly, WT, TLR4
Ϫ/Ϫ , and TLR5 Ϫ/Ϫ mice showed quite similar rates of survival, and all of them died by day 2, whereas TLR4͞5 Ϫ/Ϫ mice showed increased susceptibility and succumbed by 12 h after the infection (Fig. 5 Right) . These data suggest that cooperation between TLR4 and TLR5 is important for effective innate response to P. aeruginosa lung infection.
Role of TLR5 Expression in BM and Non-BM Cells upon in Vivo Flagellin
Challenge. In an attempt to clarify the relative contribution of BM and non-BM-derived TLR5-dependent signaling in the production of proinflammatory cytokines upon flagellin stimulation in vivo we constructed radiation BM chimera between TLR5 Ϫ/Ϫ (CD45.2) and WT congenic CD45.1 mice. Two groups of mice were compared: WT3TLR5 Ϫ/Ϫ (WT BM into a TLR5 Ϫ/Ϫ mouse) and TLR5 Ϫ/Ϫ 3WT (TLR5 Ϫ/Ϫ BM into a WT mouse). Six weeks after irradiation and BM transfer, reconstitution of circulating leukocytes was determined by staining leukocytes for CD45.1 and CD45.2. We found that macrophages, DCs, B cells, and T cells were reconstituted at 98%, 88%, 99%, and 85%, respectively, with BM-derived cells in all mixed chimera. At week 7 after reconstitution chimeras were injected i.p. with flagellin, and production of IL-6 and IL-12 in their sera was measured 2 h later. WT3TLR5 Ϫ/Ϫ chimeras produced significant amounts of IL-6 (5.5 Ϯ 1.9 ng͞ml) and IL-12 (8.9 Ϯ 1.9 ng͞ml) in their sera, whereas TLR5 Ϫ/Ϫ 3WT chimeras showed a very slight response (0.6 Ϯ 0.5 ng͞ml for IL-6 and 0.9 Ϯ 0.2 ng͞ml for IL-12) (Fig. 6a ). These data demonstrate that the major producers of serum IL-6 and IL-12 upon i.p. injection of flagellin are BM-derived cells.
Next we examined the contribution of BM-and non-BM-TLR5-expressing cells in the model of flagellin-induced lung inflammation. At week 12 after reconstitution BM chimera were instilled i.n. with flagellin, and pulmonary neutrophilic infiltration and cytokine production in BALFs were evaluated. WT3TLR5 Ϫ/Ϫ showed no significant neutrophil accumulation in airspaces or IL-6 production, whereas TLR5 Ϫ/Ϫ 3WT showed a considerable neutrophilic infiltration that was accompanied by a slight production of IL-6 and TNF-␣ compared with WT treated mice (Fig. 6 b and c) . These data suggest that recognition of flagellin by non-BM-TLR5-expressing cells is required for the initiation of a lung inflammatory response.
Discussion
Although it is well established that TLR5 recognizes bacterial flagellin, recent studies have identified Ipaf as an essential sensor for cytoplasmic flagellin (27, 28) . Thus, mammalian cells sense extracellular flagellin through TLR5 and intracellular flagellin through Ipaf. TLR5 activates NF-B and MAPKs, leading to the secretion of many cytokines, including IL-6, IL-12, and TNF-␣, whereas Ipaf permits the activation of caspase-1 and secretion of mature IL-1␤. In the current study we describe the generation and characterization of TLR5-deficient mice and show that TLR5 is crucial for the in vivo recognition of flagellin but also may participate in the detection of systemic infection by S. typhimurium and lung infection by P. aeruginosa, although these phenomena can be masked by the presence of a functional TLR4 gene or other flagellin-sensing mechanisms.
In our studies, although in vitro stimulation of WT BMDCs by flagellin led to a strong early activation of IB␣ and MAPKs and expression of IL-6 and IL-12 cytokines at the mRNA level, the protein levels of these cytokines were undetectable in the culture supernatants (Figs. 1d and 2a) . In contrast, we observed that in vivo stimulation of control mice with flagellin led to strong secretion of these cytokines in sera and maturation of splenic DCs, responses that are undetectable in TLR5 mice (Fig. 2 b and c) . These results can be explained by the absence of cellular interactions and factors in our culturing conditions that block excessive flagellin-induced activation of TLR5 in vitro. Indeed, TLR5 signaling induces rapid activation of phosphoinositide 3-kinase that serves to limit MAPK signaling, thus limiting the potential negative consequences of excessive cytokine production (29) .
To elucidate the role of TLR5 in the induction of antibacterial host defense, we tested the susceptibility of TLR5 Ϫ/Ϫ mice upon i.p. infection with the bacterium S. typhimurium. We found no differ- ence in survival between WT and TLR5 Ϫ/Ϫ mice upon infection with flagellated or nonflagellated S. typhimurium. This finding is in accord with a recent report showing that the extreme susceptibility to infection of MOLF͞Ei mice, a natural TLR5-deficient mouse, to S. typhimurium was not due to the absence of TLR5 (30) . However, LPS is an important virulence factor of Salmonella, and the absence of a functional TLR4 leads to increased susceptibility upon S. typhimurium infection (22, 23) . Because a general concept for TLR function is that multiple TLRs act in partnership in determining pathogen control, we speculated that the role of TLR5 in host resistance to S. typhimurium could be masked by the presence of a functional TLR4 gene. To test our hypothesis, we compared the survival rates of double TLR4͞5 Ϫ/Ϫ versus single TLR4 Ϫ/Ϫ and TLR5 Ϫ/Ϫ mice to S. typhimurium infection. Infected double TLR4͞ 5 Ϫ/Ϫ mice displayed enhanced susceptibility in direct contrast to TLR4 Ϫ/Ϫ mice, which were slightly more susceptible than TLR5 Ϫ/Ϫ or control animals (Fig. 3c) . The rather modest effect of the absence of TLR5 in S. typhimurium infections may be due to the existence of redundant mechanisms to sense the bacteria and flagellin itself by the innate immune system. The fact that the nonflagellated mutant of Salmonella somewhat masked the increased susceptibility of the TLR4͞5 Ϫ/Ϫ mice (Fig. 3d) supports this hypothesis. Thus, although TLR5 may have a protective role in host resistance to S. typhimurium, it is clear that its action can be substituted by the action of TLR4 and probably other flagellin-sensing mechanisms.
It has been shown previously (24) and confirmed in this study that i.n. administration of purified flagellin in mice induces a transient innate immune response in the lung characterized by production of inflammatory mediators that affect neutrophil recruitment. Indeed, we showed here that all these responses were absent in the lungs of TLR5 Ϫ/Ϫ mice that have been i.n. challenged with flagellin, demonstrating that the inflammatory lung response against flagellin is mediated by TLR5 (Fig. 4) and suggesting that TLR5 might play a critical role in the clearance of pulmonary infection that has been induced by flagellated bacteria. Although MyD88, the major adaptor molecule required for signaling events by most TLR͞IL-1R family members, appears to play a major role in host resistance to P. aeruginosa, it has been difficult to attribute this requirement to the function of a single TLR. Thus, mice deficient in TLR2, TLR4, TLR2͞ TLR4, or IL-18, although in some cases displaying specific defects in antibacterial responses, exhibit no or only minor increases in susceptibility to i.n. challenge (26, 31) . In contrast, absence or reduction in endogenous IL-1 activity improves host defense against Pseudomonas pneumonia (32) . Our results showed that the lack of TLR5 alone cannot explain the increased susceptibility of MyD88 Ϫ/Ϫ mice to P. aeruginosa lung infections. We also observed that TLR4͞5 Ϫ/Ϫ mice were more susceptible to P. aeruginosa lung infection than WT or TLR5 Ϫ/Ϫ mice (Fig.  5) . These results suggest that an efficient lung immune response against P. aeruginosa requires the simultaneous activation of TLR4, TLR5, and presumably other innate immune receptors and that the activation of one can compensate for the absence of activation of any of the others. Based on the data that we obtained from two infectious models, i.p. Salmonella and i.n. Pseudomonas, in the current study we could speculate that, depending on the bacterium that causes the infection, the route of infection, and the primary organ that is affected, the protective action of TLR5 can be substituted in a certain degree by another innate immune receptor (in our examples, TLR4).
We used radiation BM chimera between WT and TLR5 Ϫ/Ϫ mice and found that, upon i.p. flagellin challenge, the early cytokine production in vivo requires TLR5 expression by BMderived cells. The complex mechanisms of inflammatory lung response presumably involve different cell types, including resident and hematopoietic cells. Indeed, we observed that the initiation of the inflammatory response in the lung, characterized by neutrophil infiltration, is mediated by TLR5 signaling by resident cells (Fig. 6b) . We hypothesized that epithelial cells mediate this response, because they are the first non-BM-derived cells to directly contact flagellin. This finding is in agreement with the apical localization of TLR5 on the airway epithelium that can respond specifically to bacterial flagellin (33) . This is not the case for other TLRs, because upon inhaled LPS the genotype of the donor BM cells seems to influence only in part the neutrophil recruitment, and both resident and myeloid cells are required for a full recruitment of neutrophils via MyD88 signaling (34) . However, a recent study (where the requirement of MyD88 expression in stromal and hematopoietic cells was addressed in BM chimeras that have been challenged by P. aeruginosa) has shown that the early recruitment of polymorphonuclear cells required MyD88 expression by non-BM-derived cells and that early cytokine production was BM-dependent, whereas chemokine production was a non-BM-dependent phenomenon (35) .
The host relies on two sensors for the detection of invading flagellated bacteria: TLR5 on the cell membrane and Ipaf in the cytoplasm. The relative importance of each one of these two molecules in the antibacterial host response likely depends on the type of the pathogen that is infecting the host, where extracellular bacteria might activate TLR5, whereas intracellular bacteria could trigger both TLR5 and Ipaf. Therefore, it would be interesting to address the host immune response to flagellated bacteria in the context of a system that both TLR5 and Ipaf signaling pathways are abrogated.
Methods

Mice. For the generation of the TLR5
Ϫ/Ϫ mice, a genomic DNA fragment containing the TLR5 gene was screened from a 129͞Sv mouse genomic library. The targeting vector was constructed by replacing a 2.6-kb fragment of the TLR5 exon, including the start codon of the TLR5 gene, with a neomycin-resistance gene cassette flanked by two loxP sites. A herpes simplex virus thymidine kinase gene, driven by an MC1 promoter, allowed for negative selection. The targeting vector was transfected into embryonic W9.5 ES cells. Targeted ES cells were identified by Southern blotting and subsequently injected into C57BL͞6 blastocysts. Male chimeric mice were then mated to C57BL͞6 female mice. Heterozygous TLR5 mice were intercrossed to generate TLR5-deficient mice. TLR5 Ϫ/Ϫ mice on the C57BL͞6 background (10 generations) and WT C57BL͞6 mice were used for all of the experiments. TLR4 Ϫ/Ϫ mice (36) (C57BL͞6) were a gift from S. Akira (Osaka University, Osaka, Japan). WT C57BL͞6 congenic CD45.1 and CD45.2 mice were purchased from Charles River (L'Arbresle, France). Double TLR4͞5 Ϫ/Ϫ mice were obtained by intercrossing TLR5 Ϫ/Ϫ with TLR4 Ϫ/Ϫ mice (36).
Reagents. Endotoxin-free flagellin fliB from S. typhimurium was kindly provided by VaxInnate (New Haven, CT). LPS from E. coli was from Sigma (St. Louis, MO); peptidoglycan from Staphylococcus aureus was from Fluka (Buchs, Switzerland); polyI:C, R848, and Pam 3 CSK 4 were from Invivogen (San Diego, CA); and CpG DNA was synthesized by Sigma-Genosys. (St. Louis, MO).
Salmonella and Pseudomonas Challenge of Mice in Vivo. Age-and sex-matched groups of mice were infected i.p. with S. typhimurium or i.n. with P. aeruginosa. The P. aeruginosa PAK strain was a gift from Alain Filloux (Institut de Biologie Structurale et Microbiologie-Centre National de la Recherche Scientifique, Marseille, France). For i.n. challenge, mice were anesthetized by i.p. injection of ketamine-xylazine, and a 40-l suspension of 1 g of flagellin or P. aeruginosa was applied i.n. Lungs were collected at 10 or 24 h after challenge and homogenized, and RNA was extracted by TRIzol. BALFs were collected by five instillations of 0.5 ml of normal saline.
BMDCs and Macrophages. BMDCs and BM macrophages were generated as previously described (37) . Immature BMDCs and BM macrophages were collected at days 6 and 5, respectively, and plated at 1 ϫ 10 6 cells per milliliter in the presence or absence of stimuli. 
